While the solar water disinfection (SODIS) method of treating microbiologically contaminated water at the household level has proven to be effective at reducing incidence of diarrhea, its effectiveness is limited to waters of low turbidity. This study investigates the use of table salt (NaCl) to reduce turbidity in water containing dispersed colloidal clay particles as a means of expanding the user base of SODIS. Jar tests were performed on solutions of a low-activity clay, simulating the general composition of soils of the Vertisol type, which are found in key developing regions. Results show that dispersions exhibited as high as 92% particle removal efficiency. The results of this study suggest that NaCl in combination with as little as 30% bentonite by mass may be used to produce a small-scale jumpstart effect by reducing turbidity to a level suitable for SODIS treatment. Soil type was mapped and overlaid with population estimates in a GIS environment to highlight geographic areas where salt+SODIS may be most viable in the case study of South Sudan. Findings suggest that the NaCl method could expand access to SODIS technology by about 1.56 million people who currently lack access to an improved water source in the case study.
Introduction
Over 2.6 billion people around the world, primarily in rural regions, live without access to improved sanitation, and around a billion people do not have clean drinking water (World Health Organization 2010) . The most serious implication of inadequate access to clean water for drinking, sanitation and hygiene purposes is exposure to enteric pathogens that result in chronic diarrhea including cholera, typhoid fever, and dysentery (Mintz et al. 2001; Sobsey 2002; Thapar 2004; ) . Diarrheal diseases remain the leading cause of annual water-, sanitation-and hygiene-related deaths (United Nations 2009) and of those affected, children under the age of five are most at risk: approximately 2.8 million people die every year from waterborne diarrheal diseases (World Health Organization 2002) , and of these, around 1.4 million are children (United Nations 2010) .
The provision of clean water for the world's most impoverished rural populations, particularly in sub-Saharan Africa, South America, and South Asia, remains a significant challenge. Various physical and chemical methods exist to treat turbid and microbiologically contaminated water at the household level; however, the use of these methods is restricted in many regions due to availability of resources and cost (Sobsey 2002) . Low-cost open-source appropriate technologies (OSAT) are needed to provide for sustainable development needs such as safe drinking water (Buitenhuis, et al., 2010; Pearce, 2012) . Solar water disinfection (SODIS) is such an OSAT and has already been proven to be effective at reducing incidence of diarrhea, particularly in children under five . However, the SODIS method is most effective in lowturbidity water, which creates a significant barrier to its use in populations that lack the financial and material resources to reduce turbidity through filtration or existing coagulation-flocculation methods.
This study investigates the use of table salt (NaCl) in reducing turbidity in water caused by colloidal clay particles common to certain developing rural regions in Africa, India, and South America. The potential use of NaCl to reduce turbidity has been explored and shown to be effective (Dawney & Pearce, 2012) , particularly in samples containing a high concentration of high-activity clay. The current study aims to examine this phenomenon further by investigating the effectiveness of NaCl at reducing turbidity in water containing a mixture of high-and low-activity clays, simulating naturally occurring soils of the Vertisol type. First, the relevant literature is reviewed on the need for clean water, the SODIS method, the coagulating potential for NaCl, and finally Vertisols. Then, the method is outlined by which combinations of clays representing those of the Vertisol type were tested at various levels of turbidity for their behaviour with five different concentrations of NaCl. The resulting supernatant was tested for sodium content and the results are then analyzed and discussed. Finally, data on soil types was overlaid with population distribution in South Sudan to illustrate areas where this approach is most technically viable, and to estimate the number of South Sudanese people who may benefit from the salt+SODIS approach.
Background

Need for Clean Water
Of the 2.6 billion people without access to improved sources of water, almost two thirds live on less than two dollars a day, and one third on less than a dollar a day, with affected populations being concentrated in South Asia and sub-Saharan Africa (United Nations 2009). Therefore, there is a great need for simple, low-cost water treatment technologies designed for household use (Sobsey 2002; United Nations 2009 , as even microbiologically clean source water often becomes re-contaminated through its transport, handling, and storage. Point-of-use household water treatments (HWT) have significant potential for reducing secondary contamination of water (Mintz et al. 2001; Sobsey 2002; Fewtrell et al. 2005; Meierhofer & Landolt 2009 ) and studies of household interventions have shown to be more effective at reducing diarrhea incidences than interventions at the water source level (Fewtrell et al. 2005; . Although there appears to be a lack of conclusive evidence on the exact effect of various interventions due to publication biases (Cairncross et al. 2010) , there nonetheless is a great deal of evidence that shows that the frequency and intensity of diarrhea associated with enteric water-, sanitation-and hygiene-related pathogens can be reduced by improving the microbial quality of water (Mintz et al. 2001; Sobsey 2002; United Nations 2009) . Various methods exist to effectively treat turbid and microbiologically contaminated water at the household level, including chlorination, ceramic filtration, boiling, and coagulation-flocculation via natural reagents such as Moringa Oleifera seed extract (Ferreira et al. 2011) ; however, the use of these methods is restricted in many regions due to availability of resources and cost (Sobsey 2002) .
The Republic of South Sudan is used in this paper as a case example demonstrating the potential applicability of the salt+SODIS method for improving lives. South Sudan is one of the least developed countries in the world, and only about 50% of the population has access to an improved drinking water source (Southern Sudan Centre for Census, Statistics, and Evaluation [SSCCSE] 2010). After decades of civil war, Southern Sudan seceded from the north on July 9, 2011, becoming the Republic of South Sudan. Still, conflict and violence between ethnic groups and between Sudan and South Sudan continue, and thousands remain in refugee camps (NYT 2012) .
Solar Water Disinfection
Solar water disinfection (SODIS) has shown to appreciably reduce incidence of diarrhea, particularly in children under five 1999; Graf et al. 2010; Rai et al. 2010; Rose et al. 2006 ). The technology functions through the synergistic effect of UV-A radiation and heat, as proven to be effective under both natural and simulated laboratory conditions McGuigan et al. 1998; Rijal & Fujioka 2001; Berney et al. 2006; Heaselgrave et al. 2006; Dejung et al. 2007; Méndez-Hermida 2007; Boyle et al. 2008; . Although SODIS can work at higher turbidities McGuigan, et al., 1998) , its effectiveness is weakened in water of more than 30 nephalometric turbidity units (NTU). Thirty NTU is the recommended maximum level of turbidity by the primary field proponent of the SODIS method -the Swiss Federal Institute of Aquatic Science and Technology (Eawag, German acronym for Eidgenössische Anstalt für Wasserversorgung, Abwasserreinigung und Gewässerschutz). This demonstrates the need for a simple, affordable pre-treatment of turbid water for subsequent solar disinfection.
Sodium Chloride (SODIS) as a Coagulant
The application of coagulation-flocculation as a means of reducing turbidity is well understood and is used extensively in industrial water and wastewater treatment processes. However, at the household level in developing countries, the high cost of conventional coagulants such as alum and ferric salts, or a lack of availability of natural coagulants such as Moringa Oleifera, often makes coagulation-flocculation an impractical option (Sobsey 2002) . The flocculating behavior of different types of clay in aqueous solutions containing NaCl has been explored (Hsi & Clifton 1960; Gibbs 1983 Gibbs , 1985 Akther et al. 2008; Panayiotopoulos et al. 2004; Dawney & Pearce 2012) . The use of NaCl as a means of reducing turbidity prior to SODIS treatment was examined by Dawney and Pearce (2012) , when it was shown that NaCl in combination with sodium bentonite (a high-activity clay) can significantly reduce turbidity to as low as 4 NTU. In particular, the application of this technology to water that is to be used for hygiene and sanitation purposes shows promise, as the sodium content remaining in the supernatant is not as limiting (Dawney & Pearce, 2012) . For water that is to be used for drinking purposes, sodium remaining in the supernatant must be examined and compared to allowable health limits and taste thresholds unique to the target populations, of which there is a significant gap in the data. In general, however, it is expected that the target SODIS user base is likely to have lower daily sodium intakes than populations from less impoverished regions (Elliott & Brown 2006) . It follows that users of SODIS will therefore have lower allowable and tolerable sodium limits, which must be taken in to consideration when evaluating the viability of this technology.
Vertisols
Vertisols are heavy clay soils containing a high proportion of swelling clays (at least 30%), and are found mainly in tropical, subtropical, semi-arid to subhumid and humid climates that alternate between distinct wet and dry seasons (Batonio et al. 2006, Food and Agriculture Organization 2006) . Swelling clays shrink in dry conditions, producing pronounced surficial cracks, and expand under wet conditions to become very sticky, with a low saturated hydraulic conductivity (Food and Agriculture Organization 2006). The mineral responsible for the general attributes of vertisols and their properties is montmorillonite (the major component of bentonite), which belongs to the smectite family of minerals (Eswaran & Cook 1988) . The primary cations in montmorillonite are calcium (Ca 2+ ), magnesium (Mg 2+ ), potassium (K), and sodium (Na), giving the clay a high cation exchange capacity (Eswaran & Cook 1988) ,
Vertisols cover approximately 335 million hectares (ha) worldwide (Food and Agriculture Organization 2006). They occur extensively in India (72 million ha, or 22% of Indian land), northern Australia (71 million ha), and Sudan (63 million ha) (Murthy 1982 , Swindale 1988 . They also occur in Ethiopia, Tanzania, Chad, Somalia, and parts of Central and South America (Swindale 1988 , Food and Agriculture Organization 2006 , Hadden 2007 ).
Research Goals
NaCl in combination with pure clay solutions has shown promise as a pretreatment to SODIS (Dawney & Pearce 2012) and there is potential for the flocculating behavior of NaCl observed in pure clay solutions to apply to complex clay combinations (Mietta et al. 2009 ). The current research aims to further these studies by investigating the use of NaCl in reducing turbidity caused by a mixture of colloidal clay particles that reflects the natural composition of Vertisols. The effectiveness of this method as a means of treating turbid water may appreciably expand the geographic viability of the SODIS technology to regions where turbid water may have previously prevented the technology from being useful. This geographic/population expansion of the salt+SODIS method is investigated in detail in South Sudan using soil and population maps.
Methodology
The following water testing process was completed twice to observe the reproducibility of the results.
Preparation of turbid samples
Testing was performed to determine the behavior of NaCl in solutions containing 30% and 60% bentonite (sodium form) by mass with kaolinite, simulating the general composition of soils of the Vertisol type (Food and Agriculture Organization 2006). The preparation of the turbid water samples followed the process described by . Soil was added to 1000 ml of distilled water to obtain turbidity levels of 50, 100, and 200 NTU to cover a range of possible field conditions (McGuigan et al. 1998 ).
Concentrations of NaCl
Five different concentrations of NaCl were tested over a range of suitable values as outlined by Dawney and Pearce (2012) . Testing was conducted using concentrations of 0.013 M, 0.017 M, 0.021 M, 0.026 M, 0.030 M, and 0.034 M, corresponding to 0.75 g, 1.00 g, 1.25 g, 1.50 g, 1.75 g, and 2.00 g of NaCl per liter of water.
Coagulation-flocculation with NaCl
Standard jar test experiments were conducted to determine the flocculating behaviour of NaCl with each type of clay, as outlined in the ASTM Standard Practice for Coagulation-Flocculation Jar Test of Water (D2305-08). Temperature was held constant at 21 ± 0.5 o C. Samples were flash-mixed for a period of 1 minute at 130 RPM and then underwent slow-mix at 15 RPM for 20 minutes. Samples were then allowed to settle for 60 minutes, and qualitative and quantitative observations were recorded at 15-minute increments. Turbidity was measured with a portable Orbeco turbidimeter and is expressed in NTU, following the procedure outlined in the ASTM Standard Test Method for Determination of Turbidity Above 1 Turbidity Unit (D7315-07a). pH was monitored with a Fisher Accumet 1003N portable pH meter. All experiments were run three times and the average turbidities for each sample were graphed.
Quantity of sodium ions present in supernatant
25 ml of supernatant was collected at a depth of 60 mm and then heated to 90 o C for 300 minutes with 2 ml of 1.0 M HNO 3 to ensure any solids were completely dissolved in the solution. Quantitative inductively coupled plasma by optical emission spectroscopy (ICP-OES) analysis of the sodium ions present in the supernatant was then performed with a Varian Vista AX CCD Simultaneous ICP-AES. The entire procedure was repeated for a second suite of trials.
Salt+SODIS viability map creation
South Sudan serves as a case country for investigating the applicability of the salt+SODIS method. South Sudanese soil types and population distributions were mapped in a geographic information system (GIS) using ArcMap 9.3. Geographically referenced data on soil types across Africa (FAO: Major Soils for Africa-FAO 1:5 Million Scale Soils Derived 2006) are comprised of 4,909 derived geographic units defined by dominant soil type (that which covers 40% or more of the land area). The geographic units are not political boundaries, but rather defined by the environmental characteristics of the soils. Using selection techniques, a layer that demonstrates where Vertisols are dominant was created.
This Vertisol layer was then overlaid with population data estimated from the 5th Sudan Population and Housing Census, 2008 (SSCCSE 2010) organized by county level geographic units. Data used here are based on the short form survey administered to everyone in the population. While censuses in Sudan have been limited by insecurity due to war and difficulty reaching remote villages, the 2008 census was conducted at a time of relative peace and employed GIS mapping and helicopters to reach remote villages, resulting in the most comprehensive population count made to date in South Sudan (SSCCSE 2010). County-level population data were entered into a geographic shapefile for county geographies produced by the United Nations (UN OCHA 2009).
Finally, the population (and child population under age 5) living in Vertisol areas was estimated using areal interpolation (Wu et al. 2005; Cai 2006 ). More specifically, an intersect was performed in the GIS system to combine geographic data on Vertisols with population data. The proportion of county territory (unit of analysis for population data) that falls within a Vertisol area was multiplied by the total population of the county to estimate the population living within each South Sudanese county in Vertisol areas. County level findings were then aggregated to the state level for reporting, the key assumption being that the population is evenly geographically dispersed within each county. This method produces only a rough estimate of the actual number of people affected. Data from the long form of the 5th Sudan Population and Housing Census (2008) estimate the proportion of the population in each state who lack access to clean drinking water. These proportions were then applied to our estimates of the population living in Vertisol areas to construct a rough estimate of the number of people without access to clean drinking water who live in Vertisol areas in South Sudan, and who may benefit from the salt+SODIS method.
Results of bench tests
NaCl was shown to be effective at reducing turbidity in dispersions containing just 30% bentonite by mass. Figures 1 and 2 illustrate the settling of solutions containing 30% and 60% bentonite by mass (with kaolinite), respectively. All data points shown are the average of three measurements with the turbidimeter, corresponding to a maximum error of 5.5%. This error is well within the confines of the context of reducing turbidity of water to the recommended SODIS threshold.
As shown in Figure 3 , for some samples the resulting sodium concentration in the supernatant exceeded that which was added to the clay solution. This is due to a combination of latent sodium content in the clay and small errors in the preparation of the samples for ICP/OES analysis that become magnified in the process of converting values observed in the 25 mL sample to concentrations in one liter.
Discussion
NaCl Turbidity Reduction Effectiveness
The results show that NaCl can effectively facilitate settling in water containing mixtures of high-activity and low-activity clays, as shown by the results of settling of dispersions containing 30% and 60% bentonite by mass. For dispersions of 30% bentonite at an initial turbidity of 50 NTU, 1250 mg of NaCl was required. For the higher initial turbidities of 100 and 200 NTU, 1500 mg/L and 1750 mg/L of NaCl were required, respectively. More favorable is the result that only 1000 mg/L of NaCl was required to sufficiently settle all tested dispersions containing 60% bentonite by mass. Of those solutions that did not settle to below 30 NTU in 60 minutes, some may only require a longer settling period in order to breach the threshold. Of particular note are the dispersions composed of 30% bentonite by mass, as the general settling trend suggests that with slightly more time, all dispersions would have settled below 30 NTU using as little as 1250 mg/L of NaCl.
The implications of these findings suggest that water sourced from geographic regions principally containing high-activity clays, such as Vertisols, may potentially be treated with NaCl to reduce turbidity caused by the clay particles. It should be pointed out here that many compounds in addition to clays can be responsible for turbidity such as organic materials and tannins and that field trials using low-cost open-source analytical equipment (Kelley et al. 2014; Wijnen et al. 2014) will be needed to verify the results of these lab tests before deployment is recommended for any specific application.
Case study: South Sudan
The country of South Sudan provides a case example of the scope of impact that this method may have. Figure 4 shows the population distribution of South Sudan with respect to Vertisols, and illustrates significant potential for SODIS to be expanded in this region. About 40% of the land area in South Sudan (about 252,000 km 2 ) is dominated by Vertisols, and about 3.2 million people, including over 500,000 children under age 5, live in those areas (see Table 1 ). Furthermore, an estimated 1.56 million South Sudanese people who live in Vertisol areas do not currently have access to an improved drinking water source and may directly benefit from the salt+SODIS method (see Table 2 ).
Bentonite Jumpstart Effect
The second implication of this study is that turbidity in source water may be addressed through the application of a small-scale jumpstart, a process by which bentonite is added to the target solution to speed up the flocculating process (Yang et al. 2007 ). This is a common step in industrial water and wastewater practices but the current study shows that it has potential for application in the context of HWT. As flocculation occurs most efficiently in water with a relatively high percentage of bentonite and at higher turbidity (Figures 1 and 2) , it follows that where water is not sufficiently turbid to flocculate with NaCl, this jumpstart effect may facilitate the process.
Future studies
It is recommended that the flocculating behaviour of NaCl with dispersed particles of calcium and magnesium bentonite/montmorillonite be investigated in bench tests, as these forms of bentonite are commonly found in the field, and have less swelling properties than the sodium form (Al-Rawas & Goosen 2006) . In addition, the jumpstart effect with bentonite and salt should be compared to the use of Moringa. Based on that investigation and the results of the current study, it may follow that this research should be expanded to the field in order to test the method against naturally occurring Vertisols. Should this method prove to be effective in the field, a detailed life-cycle analysis should be performed to examine its potential for appropriate and sustained use in target populations. In addition, future work should include full microbiological studies to explore the effectiveness of salt+SODIS at demonstrating an advantage in purifying drinking water that is caused by the reduced turbidity.
It is important to acknowledge that the current study does not compare the resulting sodium in the supernatant to allowable or tolerable health and taste limits. Additional work is needed to look at health effects such as hypernatremia and hyperchloremia risk associated with ingestion of high salt concentration water. This is particularly important for infants under 5 years old, which is the age group most at risk of diarrhoeal and waterborne disease and the most likely to benefit from the SODIS method in regions with contaminated water. There is a significant gap in data in this regard as it pertains to many populations in developing regions; as such, it is recommended that research be conducted to explore how the proposed NaCl treatment may affect the health of potential users both in the short and long term. Future work is needed to determine if this methodology would be socially and culturally acceptable in appropriate regions identified by the GIS techniques provided above. This can start with interviews of practitioners in the refugee camps to gauge their opinions and expand to interviewing individuals in rural communities on the viability of the technique in specific regions. This work would include expanding the GIS component of this study globally. Then, for example, work is needed to determine if the extra work-load associated with the salt step is tolerable in addition to the taste in all the identified regions. This NaCl technique should be considered with other additives, such as the recent findings that psoralens and lime acidity both interact synergistically with UV radiation to accelerate inactivation of microbes for the SODIS method (Harding and Schwab, 2012) . NaCl and lime juice could work synergistically as well to solve potential taste and time challenges as the accelerated inactivation could potentially make up for the additional settling time and the combination could lead to more palatable water flavor.
Finally it should be noted that SODIS practitioners have some concerns about the reproducibility and reliability of the SODIS method beyond the use of high turbidity water that were not addressed in this study. Specifically, solar radiation variability in both total intensity and the spectral distribution of the solar flux (especially UV radiation) can alter the acceptable exposure time for the SODIS method to enable the safe drinking of treated water. As both the total flux and the spectrum varies with weather, temporally, geographically, and from the contributions from the micro-environments in which the SODIS are deployed it is not possible to know if an appropriate exposure was made without some form of a sensor. In order to expand the geographic reach of the SODIS method to the furthest extent possible to help the approximately one billion people that need it -a simple, easy-to-under stand, low-cost and robust method of sensing is needed to determine if a particular water sample has had enough UV exposure to be safe to drink. One potential solution is to use a small UV sensitive film sticker as a low-cost UV dose monitor to improve the reliability of the SODIS method. Such a method would take into account both the variations in solar flux but also the turbidity of a given batch of water as it could be adhered to the under surface of the bottle. This would add a small cost to each batch above the standard SODIS method, but could allay the concerns and make the method more reliable. Future work is needed to evaluate the technical, economic, and social acceptability of such a solution.
Conclusions
SODIS has shown to be an effective means of providing microbiologically clean water to at-risk populations in developing countries around the world, but its expansion to certain regions may be limited by a lack of available technology to first treat turbid source water. The current study suggests that this gap may be addressed through the use of NaCl in combination either with naturally occurring high-activity clays, or through the addition of bentonite to jumpstart flocculation and facilitate the settling of dispersed particles. Focusing only on the population of South Sudan, an impoverished and wartorn nation where only half of the population has access to an improved water source, an estimated 3.2 million people, including over 500,000 children under age 5, live in Vertisol areas. An estimated 1.5 million South Sudanese people who live in Vertisol areas do not currently have access to an improved drinking water source and may directly benefit from the salt+SODIS method. Immediate future work should address the effectiveness of NaCl at reducing turbidity in water containing various forms and concentrations of bentonite. Future studies should also examine the potential impacts of sustained use of this technology on user health, and if it can be applied to the removal of microbiological content in addition to turbidity. 
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